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Species Differences in the Metabolism
and Disposition of Inhaled 1,3-Butadiene

and Isoprene

by Alan R. Dahl,* William E. Bechtold,* James A.
Bond,” Rogene F. Henderson,* Joe L. Mauderly,*
Bruce A. Muggenburg,* James D. Sun,* and

Linda S. Birnbaum™

Species differences in sensitivity to carcinogenic effects from inhaled 1,3-butadiene might stem, at least in
part, from differences in uptake, metabolism, and distribution of 1,3-butadiene. To examine this possibility,
rats, mice, and monkeys were exposed to stepped concentrations of *C-labeled 1,3-butadiene and the
chemically related compound, isoprene. Respiratory data were collected during exposure and were used to
determine fractional uptake. Rates and routes of excretion of retained radioactivity were also determined
and blood levels of potentially toxic metabolites were measured. In some cases, the concentrations of
hemoglobin adducts were determined. For rodents, the tissue distribution of metabolites was examined.
Some results from these continuing studies to date are: &) mice achieve higher blood concentrations of
reactive metabolites than do rats; b) blood levels of toxic metabolites are lower in monkeys than in rodents;
¢) uptake and retention of 1,3-butadiene is nonlinear in the range where long-term toxicity studies have heen
conducted; d) the efficiency of production of reactive metabolites decreases with increased inhaled eon-
centrations of 1,3-butadiene; e) repeated exposure to 1,3-butadiene does not induce the metabolism of
1,3-butadiene in rodents; £y hemoglobin adducts of 1,3-butadiene are potential dosimeters of exposure; and g)
rats inhaling isoprene produce reactive metaholites analogous to those produced during inhalation of
1,3-butadiene. The available data indicate that major differences in the biological fate of inhaled 1,3-bu-
tadiene occur among species, and these differences, at least in part, account for those in species sensitivity to

the toxicity of inhaled 1,3-butadiene.

Introduction

1,3-Butadiene is a major monomer in the rubber and
plastics industry, where there is potential worker ex-
posure. Incidences of neoplasia are higher in this indus-
try than in the general population. Ascertaining a causal
relationship between 1,3-butadiene exposure and the
inereased neoplasia is complicated, however, because
there is exposure to a wide variety of potentially harmful
compounds in this industry, including several known
human carcinogens. Thus, the potential contribution of
1,3-butadiene to the increased incidences cannot be sep-
arated easily from the eontributions of other chemicals.
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The threshold limit value (TLV) for occupational ex-
posure to 1,3-butadiene had been set at 1000 ppm.
Therefore, the results of an oncogenesis study in
Sprague-Dawley rats (1) showing 1,3-butadiene to be a
weak carcinogen at 8000 ppm over 2 years did not cause
great concern. In that study, increased incidences of
mammary tumors, thyroid follicular adenomas, uterine
tumors, and exocrine pancreatic adenomas were noted.

The results of a more recent study sponsored by the
National Toxicology Program (NTP) (2), however,
caused more concern. There was marked increased inci-
dence of primary tumors in B6C3F; mice in both sexes
exposed to 625 and 1250 ppm for only 60 to 61 weeks. The
study was stopped earlier than the originally planned 2
years because tumors in the exposed mice caused exces-
sive mortality. These murine tumors included lym-
phomas, hemangiosarcomas, alveolar/bronchiolar ade-
nomas and carcinomas, acinar cell carcinomas, granulosa
eell tumors, forestomach tumors, and hepatocellular
adenomas and carcinomas. Thus, there was a great
difference in sensitivity to the carcinogenicity of inhaled
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1,3-butadiene between mice and rats and also major
differences in the target tissues at risk.

The chemical disposition program of the NTP con-
ducts both prospective and retrospective studies that
will help design and interpret toxicity studies. The re-
sults of the two carcinogenicity studies with 1,3-bu-
tadiene raised the question of whether the observed
difference in species sensitivity could be related, at least
in part, to differences in the disposition of inhaled 1,3-bu-
tadiene between the two species. Could differences in
the absorption, distribution, metabolism, or excretion of
1,3-butadiene play a role in the species susceptibility to
1,3-butadiene carcinogenesis? In order to answer this
question, the disposition of inhaled 1,3-butadiene was
investigated.

Initial experiments were designed a) to determine the
uptake and retention of inhaled "*C-butadiene and the
retention of its metabolites by rats and mice over a range
of exposure concentrations, b} to identify the routes and
half-times for elimination of the absorbed 1,3-butadiene-
derived radioactivity, and ¢) to identify 1,3-butadiene
metabolites in the blood of both species. In addition,
studies were conducted to determine the distribution of
the 1,3-butadiene-derived radioactivity in tissues, as
well as the rates of elimination of this material from the
tissues. These initial comparative studies have been
extended to include studies of the absorption, metabo-
lism, and elimination of inhaled 1,3-butadiene from cy-
nomolgus monkeys. The production of active metabo-
lites, especially those that have been shown by others to
be genotoxic, were compared among the three species.

In addition to the uptake, retention, and disposition
studies, the potential of 1,3-butadiene metabolites to
form adducts with hemoglobin has been investigated.
Hemoglobin adducts have been proposed as markers of
exposure. The correlation of hemoglobin adduct levels
with 1,3-butadiene metabolites in the blood is being
established.

Because repeated exposure to a chemical may alter
the way that chemical is handled due to induction or
inhibition of metabolic enzymes, rats and mice were
exposed repeatedly to 1,3-butadiene. The metabolism of
1,3-butadiene was examined in tissues from the exposed
animals and was compared to tissues from animals not
previously treated.

1,3-Butadiene is one of several related compounds
used in the rubber industry. Structurally related com-
pounds include isoprene (2-methyl-butadiene) and
chloroprene (2-chloro-butadiene). Isoprene, a mono-
meric unit of terpenes, has been detected as a normal
constituent of human and rodent exhaled air (3,4). Since
the acute toxicity of isoprene is similar to 1,3-butadiene,
we have conducted toxicokinetic studies on the fate of
inhaled isoprene in rats and compared the results of
absorption, metabolism, and exeretion to those obtained
from studies of 1,3-butadiene. Metabolism by mice and
monkeys is also being investigated, as well as the gener-
ation of hemoglobin adducts.

Results from the inhalation studies of 1,3-butadiene

by rodents have been published (5-7), as have those
from studies on the inhalation of isoprene by rats (8). A
major purpose of the present report is to compare the
regults obtained using rodents with those from con-
tinuing studies on the toxicokinetics of inhaled 1,3-buta-
diene and isoprene in monkeys.

Methods

1,3-[1-1C]Butadiene with a radiochemical purity of
> 99% was used. Rodents were exposed by the nose-
only mode. Respiratory data (breathing frequency and
tidal volume) were obtained for selected rodents during
exposure. The methods used for rodents have been
described (5,8), and these references should be con-
sulted for experimental details. Monkeys (Macaca fasci-
cularis, b—T kg males) were also exposed by the nose-
only mode. Experimental details were the same as for
rodents except as noted below. The exposure system
used (Fig. 1) was a modification of one described for rats
(9) except that, because radiolabeled 1,3-butadiene was
used, a gas chromatograph was not needed. Also, in-
stead of a pump to draw air past the monkey’s nose, the
respiratory action of the monkey was used for this pur-
pose. Monkeys were anesthetized with pentobarbital
during expesure. Before exposure, monkeys were fitted
with an arterial catheter that was used both to introduce
the anesthetic during exposure and to withdraw blood
samples. Respiratory data (breathing frequency and
tidal volume) for the monkey were obtained during
exposure as described previously (70). The exposure
protocols for rodents and monkeys are summarized in
Figure 2.

Results

The rate of uptake of butadiene at approximately 10
ppm in mice was substantially greater than for rats or
monkeys when normalized to body weight (Table 1). A
greater rate of uptake for mice compared to rats was
observed for inhaled 1,3-butadiene concentrations rang-
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Figure 1. System for exposing monkeys by the nose-only route to
VApOTS.
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FIGURE 2. Summary of exposure protocals for toxicokinetics of in-
haled 1,3-butadiene or isoprene in rodents and monkeys.

ing from 0.08 to 1000 ppm (Table 2). Data enabling the
inclusion of monkeys in this comparison are being ob-
tained in continuing exposures. Except for 1,3-bu-
tadiene at low inhaled concentrations (< 10 ppm) in
mice, retention of butadiene- and isoprene-introduced
1C after a 6-hr exposure was not proportional to the
concentration of inhalant (Fig. 3).

The route of elimination of 1,3-butadiene-introduced
G after exposure of rodents was dependent to some
extent on the exposure concentration, but elimination
was always largely via the urine (Table 3). For monkeys,
elimination was mostly by CO, exhalation after ex-
posure to 10 ppm 1,3-butadiene. The toxicological sig-
nificance of this observation is not clear; however, since
the initial metabolism of 1,3-butadiene probably in-
volves a mutagenic epoxide (1), whether or not CO, is
the ultimate product (Fig. 4).
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FIGURE 3. Efficiency of retention of 1,3-butadiene in rats and mice and
of isoprene in rats after 6-hr exposure to concentration from 0.01 to
10,000 ppm. The ordinate has been normalized to inhaled con-
centration in ppm and thus stands for efficiency of uptake.

Total radioactivity in tissues after inhalation of *C-
labeled 1,3-butadiene at 700 ppm and 70 ppm by rats and
mice, respectively, showed that mouse tissues contained
16 to 100 times higher concentrations of 1,3-butadiene-
introduced '*C per pmole of inhaled 1,3-butadiene than
did rat tissues. Major differences in storage depots

Table 1. Uptake of 1,3-butadiene inhaled at approximately 10 ppm by mice, rats, and monkeys.®

1,3 Butadiene

Exposure Animal Inhaled Retained normalized
duration, MeAn mass, nhale Retained, to body mass,
Species hr kg Ppm pmole/hr/10 ppm pmole/hr/10 ppm pmole/hr/10 ppm/ky
Mouse 6 0.023 7.8 0.70 0.09 3.30
Rat 6 0.400 7.8 4.40 0.19 (.46
Monkey 2 6.200 10.0 16.40 3.20 0.52

8The last three eolumns are normalized to 10 ppm and 1-hr exposure to facilitate direct eomparison among exposures of different concentrations

and exposure durations.

Table 2. Inhaled dose of 1,3-butadiene in rats and mice inhaling
for 6 hr (mean = SE),

Dose, wmole/kg

Exposure

concentration, ppm Rats Mice
0.08 0.08 = 0.01* 0.2+ 0.02
0.78 0.3 = 0.01* 2 = 02
7.2 z2 = 01* 22 * 4
72 40 = 3* 116 =11
1000 160 10* 650 £ 50

“Dose is micromoles retained 6-hr postexposure.
*Significantly different (p < 0.05) from mice exposed to the same
1,3-butadiene concentration using Student’s t-test.

between the species or increased association of radio-
activity with target tissues was not observed (#).

The levels of potentially genotoxic materials in the
blood of mice inhaling approximately 10 ppm 1,3-bu-
tadiene was much higher than those in rats or menkeys
after 2 hr of exposure (Table 4). These metabolites were
tentatively identified, based on codistillation in vacuo
with standards. HPLC analysis of these metabolites
from monkey exhalant obtained during exposure to 10
ppm 1,3-butadiene showed coelution of > 10% with the
genotoxic monoepoxide of 1,3-butadiene.

In experiments to determine if repeated exposure to
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Table 3. Routes of elimination of metabolites of 1,3-butadiene after exposure (% of total metabolites eliminated in approximately
70-hr post-exposure) (mean = SE).

Species 1,3-Butadiene, ppm Exposure duration, hr Urine CO, Feces
Monkey 10 2 39 = 5 56 = 9 0.8x046
Mouse 7.2 6 58 = 15 32+ 3 10 =2
78 6 79 = 15 bx 1 16 =2
1000 6 66+ 4 29 1 5 2
Rats 78 6 T4+ 4 185 8 +32
1000 6 54 = 10 42 + 1 4 =1
C=C-c=C Table 4. Blood epoxide levels of rats, mice, and monkeys after
 peso inhalation of 1.3-butadiene for 2 hr.
c-C-C=C Exposure 1,3-butadiene  Normalized blood epoxide,
\0/ Species concentration, ppm pmole/mL/ppm
EH o N paso Mouse 7.8 77
_ Monkey 10 0.13
¢c-c-C=C ¢-c-¢c¢ Mouse 78 26
OH OH ] (o] Rat 78 5.2
O | DEWYDROGENASES ¥
[\ .
c-c-c=cC -¢-¢-¢ Summary and Conclusion
HO ¢ OH OH OH OH Some important results are summarized as follows: a)
o : . e - LOWSE:
¥ cecansoxviase CARBOHYDRATE Mice, which are more sensitive to the carcinogenic activ-
H\ METABOLISM ity of 1,3-butadiene than are rats, achieve higher tissue
¢0, + C-Cc=C co levels of reactive metabolites than do rats exposed to the
2T 7 2 ; p !
o same exposure concentration. b Blood levels of toxic

FIGURE 4. Some possible pathways for metabolism of 1,3-butadiene to
carbon dioxide,

1,3-butadiene could induce 1,3-butadiene metabolism,
rats and mice were exposed to 7600 or 750 ppm of
butadiene, respectively, for 6 hr/day for 5 days (7). No
induction of 1,3-butadiene metabolism was found in lung
or liver. In fact, repeated exposures resulted in an
approximate 50% depression of lung 1,3-butadiene
metabolism in both rats and mice.

Rats and mice were injected IP with C-labeled
1,3-butadiene in corn oil to determine levels of hemo-
globin adducts (12). The injected dose was distributed
over 2 or 3 days so that the daily dose was 100 umole/kg
body weight. This led to nearly linear increases in adduet
levels with the injected dose. Single injected doses
greater than 100 umole/kg body weight did not give
linear responses, probably because of higher pro-
portional elimination of 1,3-butadiene in the exhalant for
larger injected doses (Fig. 5). Because the 1,3-butadiene
for the method development work on the hemoglobin
adducts was IP, comparisons to tissue distribution of
1,3-butadiene metabolites after inhalation are not
warranted.

[soprene (2-methyl-1,3-butadiene) undergoes metab-
olism to mutagenic products similar to those from
1,3-butadiene, namely, mono- and diepoxides (8). At
roughly comparable inhaled concentrations, blood levels
of mutagenic metabolites in rats after inhalation of iso-
prene were higher than after inhalation of 1,3-butadiene
(Table 5).

metabolites (and prebably hemoglobin adduct levels)
appear to be lower in monkeys after inhaling 1,3-bu-
tadiene than they are in either rodent species. ¢) Uptake
and retention of 1,3-butadiene is nonlinear in the range
where long-term toxicity studies have been conducted.
d) Although reactive metabolites are produced at all
exposure concentrations, the efficiency of production of
these metabolites appears to decrease with increased

_Tor o
Z
S .
S sof y
3 -
=]
£ //
E Zx//
cE
S 3 a0k Y
a8z yd
=3 y §
Zu ' e —
2y s Ly
20
w | ax
04?20 _AoMice
ES 2x -
IfP 1x ’_.-‘:’
$ ==
T
o o L L VI E—
E Q 100 200 apg 7 500 1000

BUTADIENE (;:moles/kg body weight)

FIGURE 5. Levels of "C-butadiene metabolite’adducts formed with
globin in mice (& ) or rats () 24 hr after a single 1P injection (1x, solid
lines} of various amounts of *C-butadiene dissolved in corn oil or two
(2x) or three (3x) (dotted lines) daily injections of 100 pmole 0.
butadiene/kg bedy weight into mice (A) or rats (#). Data points are
means * SE (n = 3).
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Tahle 5. Blood concentrations of mutagens in rats after inhalation of isoprene or 1,3-butadiene, pmole/mL. hlood.*

Vapor Vapor concentration, ppm Diepoxide* Epoxide Diepoxides/ppm Epoxides/ppm
Isoprene 8 500 — 63 —
260 100006 — 38 —
1480 21000 — 14 —_
8200 23000 —_ 2.8 —
1,3-Butadiene 78 100 400 1.3 5.1
1600 1000 4000 1 4

*Assuming worst-case scenaric wherein all radioactivity in blood that has volatility similar to the epoxide or diepoxide is that compound.

Volatilities were determined using cryogenic vacuum distillation (14).

concentrations of inhaled 1,3-butadiene. e¢) Repeated
exposures to 1,3-butadiene does not induce its metabo-
lism in either rats or mice. f) Hemoglobin adducts have
the potential to serve as dosimeters of exposure. Con-
tinuing research is directed toward developing sensitive
chemical methods for detecting these adducts. ¢) Studies
with isoprene have revealed that metabolites analogous
to those produced from 1,3-butadiene are produced in
rats during exposure to isoprene. This has led to the
prediction that isoprene may have similar carcinogenic
properties to those observed for 1,3-butadiene. This
hypothesis is eurrently being tested in NTP-sponsored
studies.

Data from four studies are in substantial agreement
with those of Laib et al. (14) who used different method-
ologies to examine 1,3-butadiene toxicokinetics. Taken
as a whole, the available data show important differ-
ences in the fate of inhaled 1,3-butadiene among differ-
ent animal species. The direction of these differences
indicate they may explain, at least in part, the differ-
ences in sensitivity among species to the toxic effects of
inhaled 1,3-butadiene.
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